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ABSTRACT

Optical fiber communication is a new technology which has the po-
tential of surpassing conventional communication techniques in many ap-
plications. As with any new technology, problem areas arise which limit
the realization of its full potential. One such problem area is the in-
troduction of distortion produced by nonlinearities in the system. When
light-emitting diodes are used as sources in optical communication sys-
tems, they are the main contributors of the nonlinearities.

A procedure for compensating for the nonlinearity of an LED is
developed. An optical receiver and LED transmitter were constructed to
measure the light intensity vs LED current characteristic of various LEDS.
The static and dynamic characteristics of each of the LEDS were measured.
A polynomial describing the dynamic characteristic is used to predict the
intermodulation distortion vs percent modulation. Measurements of the in-
termodulation components of the received signal at different depths of
modulation show a close correlation to the calculated values. A predis-
tortion approach to compensating for the nonlinearity of the LED is pur-
sued. Using the LED characteristic, a means of determining the parameters
of the compensating network is sought. These parameters are used and
measurement of the overall linearity of the system is again checked and
compared to that of the uncompensated system. Using a simple compen-
sating network a 6 db-15 db reduction of intermodulation is realized for

most LEDS.
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CHAPTER I
INTRODUCTION

Since the development of low loss optical fibers, considerable in-
terest has arisen in the use of optical fibers for communication appli-
cations. Optical fibers offer a number of appealing features such as:
low Toss, small size, light weight, high capacity, and small bending
radius. In addition, since they contain no metal, they neither radiate
nor pick up electromagnetic interference as do wire or cable systems.
Also, there are no grounding probems or short circuits associated with
optical fibers.

An area of great concern has been that of the source of the modu-
lated optical signal. Internally modulated light-emitting diodes have
received a great deal of attention because of the ease of modulation,
small size, long lifetimes, and low cost. They do, however, suffer some
disadvantages. One being the relatively low radiance emission compared
to lasers. Another is the Timited frequency response capabilities. (1,2)
Still another is the nonlinear relationship between the diode current and
the optical power emitted. This is especially troub]esome when trans-
mitting multichannel information at high modulation depths in that inter-
modulation distortion results. This distortion limits the number of
channels that can be simultaneously transmitted and also the signal-to-
noi;e ratio that can be achieved on each channel.

Since the output power of a lTight-emitting diode is at a low level,
it is desirable to modulate at high modulation depths. The modulation

1




2
depth is limited, however, by the intermodulation distortion produced by

its nonlinear characteristic. In light of the potential of analog op-

tical communication systems, there is increasing concern in reducing the
severity of the nonlinear effects. Standard methods in correcting for
nonlinearities have recently been suggested for LEDS as well as goals

which outline the effectiveness of each of the suggested techniques. (3,4,5)
An effective compensating network resulting from the investigation of

each LED characteristic is considered. A network which exhibits the flexi-

bility of being adaptable to a wide variety of LEDS is sought.




CHAPTER 2

LINEARITY OF THE SYSTEM

A system for measuring the linearity of the light-emitting diodes

is proposed in Figure 2-1.

- Summer &
Modulating Photo- s Spectrum
LED > __JAmplifiers|_]
Source Wy Dy var LED detector Analyzer
Optical Receiver
dulating Bias
Source w, Source
Transmitter

Figure 2-1. Block Diagram for Measuring LED Linearity.

In order to adequately measure the distortion introduced by the LED,
the amount of distortion which is produced as a result of the rest of the
system must be in excess of 10 db below the distortion amplitudes of con-
cern. A level of intermodulation distortion of -45 db would be acceptable
at a modulation depth of 50% for good quality multichannel transmission.

To recognize this degree of distortion as being the result of the intro-
‘duction of the component under test, the remainder of the system must in-
troduce no more than -55 db of intermodulation distortion at the same modu-

lation depth.
THE RECEIVER

In preparing to build the detector-receiver, one must be assured
that the active components which are used in the amplification of the re-

ceived signal are in fact linear.




The Photodetector

The SGD-040L silicon diffused PIN Photodiode is used as the photo-
detector. This device offers a combination of wide spectral range, high
sensitivity, fast speed of response, and low noise. More importantly,
however, a linearity of response of 5% over a seven decade range of in-
cident power levels is typical for this photodetector. Considering the
optical power swing of an LED, this detector is then highly linear, and

therefore, suitable for this application.(s)

The Amplifiers

Operational Amplifiers were used as the active elements for ampli-
fication in the receiver. They were selected because of their monolithic
design to insure close matching of components resulting in high linearity.
Heavy feedback is used to control gain and to increase overall linearity.
No guarantee of operational amplifier performance was published concerning
linearity, so several devices were checked using the circuit diagrams shown
in Figure 2-2. Where applicable, frequency compensating networks supple-
mented these diagrams (as indicated from the specifications of the device
under test).

The CA3015A was used as the gain stage in the receiver because of
its linearity as well as high bandwidth and low noise characteristic. In
the test circuits of Figure 2-2, it had intermodulation levels of -59 db
with an output swing of 6 volts p-p. The NE5534 and CA3100A had compar-
able linearity. Their bandwidths were less than the CA3015A and for this
reason were not chosen.

The final receiver is as shown in Figure 2-3. Decoupling of the
power supplies is used due to the high gain and large bandwidth of this
amplifier. Emitter follower stages are used on the output when driving

low impedance loads.
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Figure 2-3. Circuit Diagram of the Optical Receiver

The overall linearity of the receiver was checked using the cir-

cuit shown in Figure 2-4.

Bias Negative
Source o Bias
1 #h. ” b
Oscillator Oscillator
f f
1 2
L~ = =Y Photo diode
LED. LED2
e - To receiver

Figure 2-4. Circuit for Measuring Receiver Linearity.
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With this circuit, any IM components in the received output are in-

troduced by the receiver. The output swing was 4 volts p-p with inter-
modulation components at 62 db below the fundamentals. The distortion
components were 52 db below the carriers when the output was swinging 8

volts p-p.

THE TRANSMITTER

The transmitter serves two functions. It is a voltage to current
converter as well as the LED driver. Due to its insensitivity to the load
in the collector circuit a common emitter amplifier serves well in driving
a nonlinear load. An emitter resistance should be included to increase
Jlinearity and monitor the diode current levels. It was found that the am-
plifier still lacked sufficient linearity. Another common emitter stage
was then used in the emitter feedback path to increase the negative feed-
back and therefore, the linearity. The circuit of Figure 2-5 then held

intermodulation levels to -58 db at 150 mA current swings.

Vin1 LED under test

500 27009

)L
wli CGZ78

- - lufd P

——
390 KR

CG311 '
§ 500 2W

Figure 2-5. Circuit Diagram of the Optical Transmitter.

current monitor
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CHAPTER 3
LED CHARACTERISTIC

The emitted optical power of an LED is a function of either the volt-
age across, or current through the device. As with any diode, there is a
relatively small variation in voltage corresponding to a large variation
in current. It is for this reason that it is preferred to control the
magnitude of the emitted light by varying the current rather than the volt-
age of the diodes. There is, however, a nonlinear relationship between
the light intensity emitted from, and the current through, an LED. This
is the LED characteristic with which attention is concentrated. This
curve represents the transfer function between the input modulating signal
and the output light. The nonlinear shape of this transfer function re-
sults in the introduction of distortion components to the original modu-
lating signal. By mathematically describing the LED characteristic, the
output can be computed for a known input.

A number of LEDS from several manufacturers were studied. The

diodes used are listed in Table 3-1.

TABLE 3-1
MANUFACTURERS OF THE LEDS .USED

LED Type Number ImaxDC Manufacturer

(4) FLV104 100 mA Fairchild

54) FPE104 100 mA Fairchild

4) FPE500 150 mA Fairchild

(4) ME7024 100 mA Monsanto

(4) ME7124 100 mA Monsanto

(2) TILA 100 mA Texas Instruments

(4) HEMT3300 60 mA Hewlett Packard
8




9
The static characteristic of these 26 light-emitting diodes were ob-

tained from the network of Figure 3-1.

~ - = -

I
- | Optical | Optical Bandpass f— AC
| Chopper Receiver Filter Voltmeter

V — e — o

Variable
dc Source

Figure 3-1. Block Diagram for Measuring LED
- Static Characteristic.

The magnitude of diode current is monitored at VO’ The diode cur-
rent can be written as:

Iep = Yo/® (1)

The receiver as can be seen from Figure 3-1, is direct coupled, which
while making the frequency response flat to dc, is susceptible to dc
drift. For this reason, an optical chopper was imposed on the network.
This transforms the constant light intensity to an "optical square wave"
having an amplitude which is equal to the magnitude of the emitted light.
The receiver detects, then amplifies the pulsed waveform and couples the
signal into a bandpass filter. The filter is tuned to the fundamental
frequency of the chopper. Due to the narrow bandwidth of the filter,
much of the noise in the detected signal, as well as the harmonics of the
chopped signal, are greatly reduced leaving a sinusoidal signal. The
amplitude of the sinusoid is then directly related to the intensity of
the transmitted Tight. The magnitude of the output is determined with an
AC voltmeter. The magnitude of the light intensity is monitored for dif-
fering values of dc current through the LEDS. The static characteristic

of each of the devices is then obtained.




10
Regression analysis, which minimizes mean square error, is used to

mathematically describe the characteristics obtained. It can be seen
from Figure 3-2 that the best fit curve corresponds well with the actual
data points. The curves representing the static characteristic for the
26 LEDS are plotted in Figures 3-3 through 3-9. LEDS of the same type
are plotted together to better display the similarities of their charac-
teristics.

While for many LEDS, manufacturers publish the static characteris-
tics, rarely do they include in their specifications a graph of the dy-
namic characteristic, and for this reason a means for determining this
plot is illustrated in Figure 3-10. By pulsing the input with a waveform
of sufficiently short duty cycle, the temperature of the device is kept
relatively constant. The temperature is approximately the temperature of
the device at its bias current level. Changes of light intensity result-
ing from changes in temperature are thus minimized. The LEDS are pulsed
at varying amplitudes to each side of the bias current. The magnitude of
the current pulses, together with the corresponding light intensity is
measured by the oscilloscope, yielding the dynamic characteristic of the
device under test. As in the case of the static characteristic, these

curves were best fit to an nth

order polynomial in order to mathematically
describe the function. Figure 3-11 shows the correspondence between the
actual data points and the mathematical function which was determined
using the regrésgioh ané]}sié.' fhe coefficients for the dynamic charac-
teristics of the LEDS are listed in Tables 3-2 and 3-3. Figures 3-12
through 3-18 illustrate the dynamic characteristics of the 26 LEDS being
tested. Again, LEDS of the same type are plotted on the same graph to

emphasize their similarities.
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Figure 3-19 is an example of an LED showing both its static and

dynamic characteristics. For the most part, the two curves are not the
same. The curves describing the static and dynamic characteristics for
all the LEDS censidered in this study were found to be different. At-
tention is therefore concentrated on the dynamic characteristic, since
it is this curve which represents the transfer function for the LED
when modulated by scme time varying source.

The optical output of a LED may be modulated by the current from a
signal source. This current is summed with the bias current flowing
through the LED. The ratio of the amplitude of the optical variation pro-
duced by the modulating current to the constant optical output produced
by the bias current is a measure of the depth of modulation and may be ex-
pressed as a percent modulation. For a linear characteristic, or to a
good approximation for a near linear characteristic, this percent modu-
lation is the ratio of the amplitude of the modulating current to the
bias current. At 100 percent modulation the total current through the

LED varies from zero to twice the bias current.
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CHAPTER 4
INTERMODULATION DISTORTION

The light-emitting diode may be biased with a dc current in the
vicinity of the middle of the characteristic. A modulating current may
then be applied yielding an intensity modulation in the optical output.

The modulating current "i" may be expressed as:

is= I-IDC (2)
where I is the total current and IDC is the bias current. A polynomial
expressing the relative optical intensity, p, in terms of the modulating
current is:
3

gl . 2 .
p(i) = A0 + A]1 + A21 + A31 ik (3)

where "i" is in mA. This transfer function between modulating current
and the varying intensity of light is described by the dynamic character-
istic of the LEDS. The coefficients of Eq. (3) have been determined for
specific LEDS in Chapter 3 and are outlined in Table 3-3 where the bias
current

Ibias B Imax/2 (4)

for the particular LEDS. A sixth order polynomial is adequate in de-
scribing the LED characteristic so that:
4 . 5

i e : " . . . 6
p(i) = Ag + AT+ Ayi AT T A T AT T+ Agi (5)

For a sinusoidal modulating current with two frequency components,
"i" may be expressed as:
i = Ijcoswt + I cosw,t (6)
32
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substituting Eq. (6) into Eq. (5) yields:
. 6 n
p(i) =n§o An (I] cos w]t + 12 cos wzt) (7)
Applying the binomial theorem to Eq. (7) yields:
) 6 n (11) n-m m n-m m
p(i) =2 A ) I I cos w,t cos w,t (7a)
il B 0 S M 1 2

Writing the cosine terms in their exponential form and again applying

the binomial theorem yields:

A n n-m m
— I (") St A (";’“) (’:).
o 2" m=o \M L=0 k=0

" j[(n-m-Zl)w]t + (m-2k)m2§] (8)

p(i) =
n

Il ™Mo




which reduces to

- m n!
z Z  2'k!(m-k)!(n-m-2)!

e COS [(n—m-zz)uﬁt + (m-2k)m2t]

Letting 12 = I] = [ yields:

n!
LTk (m-k)! (n-m-2)!

n
AnI

n
z
m=

. cos[(n-m-zz)m]t + (m-Zk)mzt]

The amplitude of the w, term may be found by letting n-m-2%=+]

and m-2k=0. This results in an amplitude of

34

(9)
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The amplitude of the W, term may be found by letting n-m-2%=0 and
m-2k=+1. This also results in an amplitude of
9 2 . 25 ;4
A]+IA3I + 41.
The amplitude of the w]+w2 term may be found by letting n-m-22=1 with
m=-2k=1 and n-m-22=-1 with m-2k=-1. This results in an amplitude of
3,75 5
AZI + 3A4I + —§-A61 :
Amplitudes of higher order terms may be found in a similar manner.
The value of the first order intermodulation distortion is then
Amplitude of w,+w, terms AL+ 3A,1° + B a 1o
1R = "2 4 8 "6 (10)
9 2ES 4

Amplitude of Wy and w5 terms A1 + Z'A3I + 'E'ASI

Higher order intermodulation terms are listed in Table 4-1. Since the
intermodulation distortion and percent modulation are both functions of
I, the intermodulation distortion may be plotted as a function of percent
modulation using current modulation. Figure 4-1 illustrates typical in-
termodulation distortion curves of an LED. The crosses represent the
measured values of the first order intermodulation distortion levels.
While not necessarily typical, Figure 4-2 represents the intermodulation
characteristics together with the measured values of the first order in-
termodulation components of another LED. Note that at higher depths of

modulation, the first order IM term begins to decrease. The higher order

RO S



INTERMODULATION DISTORTION AMPLITUDES

TABLE 4-1
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Frequency Distortion
3. 75 5
o & " AZI + 3A4I + 3 AGI
- 9 2 . €5 4
A.l + T A3I + 'y ASI
2wy * w, Wy * Zmz %A312 + g% ASI4
] g . &9 a v¥
A.I & 7 A31 + o ASI
1 %, 25 5
30)] & wz’w] i 3(.02 ? A4I +:§ AG;S &
9
Baqsd 20845
2w + 2u, P £ :61 i
9 2 9
A.I + 7 A3I + oy ASI
5 4
e Bl 16 As! i
9
5 4
3wy + 2w2,2w.| * 3w2 8 ASI A
9 . e
Suy + 04y 0y + 5 LA’
N =) =% 26 - .
9 25
A1 + 'y A3I + T ASI
4o + 2u, 207 + du, 2 a0’
9 ZaEh 4
A.| + T A3I + 'y ASI
5 5
9
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First, Second, and Third Order Intermodulation Distortion, db

-20 B

-100
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Percent Modulation

Figure 4-1. Intermodulation Distortion vs Percent

Modulation for FLV104 Diode #1.
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First, Second, and Third Order Intermodulation Distortion, db

-20 +

-30 4+

+ Measured First Order Intermodulation Amplitudes

-100

1 L L L
L v

20 40 60 80 100
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Figure 4-2. Intermodulation Distortion vs Percent

Modulation for ME7024 Diode #2.
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terms make dramatic increases at that point as can be seen from the

graph. In good quality multichannel television, it is desired to keep
intermodulation distortion at -45 db or lower. Of the diodes considered,

this would Timit modulation depths to around twenty percent.




CHAPTER 5
PREDISTORTION NETWORK

To compensate for the nonlinearity of the LED using the predis-
tortion approach, a network which is complementary to the LEDS nonlin-
earity is used in series with the input. To get an exact complement of
the LED characteristic would be difficult and may be very complex to
realize. To simplify the analysis and the compensating network, a piece-
wise linear circuit is used. Figure 5-1 shows the general form for an
"n" breakpoint piece-wise linear network.

For the network containing diodes with cutin voltage VY the break-
points are set by adjusting the RN] and RN2 so that the breakpoint voltage
is

Vg

n=E (Ryp - R

Nt +V (11)
(Ryr * Ryg)

The + sign is used when the cathode of the diode is toward the op amp.

The - sign is used when the anode is toward the op amp. The capacitances
make each of the breakpoints noninteractive. The change in slope is a

function of the resistances RN‘ The gain at any point is

A= "0 =-"f . (12)

The gain of the circuit will change when the input passes through a break-
point. . The change in gain is

Re + Re : (13)
Rin rﬁ1Tn”RN)

40

AA = T




in °‘F>

- 8

.

=

E
¢ RN RN]
DA
R Yo Sq
£
- Ry —
AAA-

Figure 5-1.

AAA~

General n-Breakpoint Compensating Network.
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The polarity of the second term depends on the direction of the diode and
the direction that the input is passing through the breakpoint.
An nth order network is not an easy network with which to work. A
one breakpoint network would simplify the compensating procedure if it
does, in fact, satisfy the criteria. Figure 5-2 shows the configuration

used as the simplified single breakpoint compensating network.

(a) £
R
c a R11 c Re
} ‘v)&, A NN,
d y
R B Tn
-E C
* 5 A
- — |
= " =
v
} R, .
[ o
V. —
in .
v
0
ASTope
(b) ik
N
V* Yin
B

Figure 5-2. Simplified Single Breakpoint Compensating Network
a) Circuit Diagram, b) Transfer Function.
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Rx represents a dc path to ground for the input of the op amp. The gain

on one side of the breakpoint is
gain= % =-"% (14)
Vin 1
The change in gain can be written as

A Gain = - Rf + Re = Re (15)
R

1 RIRT R’y
The location of the breakpoint is described by
Vg ™ B = Byg b £ ¥ (16)
Ry # Ryp)
The polarity of Vy in Eq. (16) is determined by the direction of the
diode as was the case in Eq. (11).

For a single breakpoint compensating network, the location of the
breakpoint is best predicted to be at the same location as the dominant
breakpoint of the diode characteristic. This is where the change in slope
of the characteristic is greatest in magnitude. This is represented by
maximums of the second derivative or zeroes of the third derivative of
the LED characteristic. If a fourth order best fit curve is used to de-
scribe the characteristic, only one breakpoint is predicted. The fourth
order best fit curve is used to locate the breakpoint by finding the zero
of each of the third derivatives for all 26 LEDS. Since the breakpoints
are given as currents from the bias point, the appropriate breakpoint

voltage for the compensating network can be determined by

Vo = E (1

(I

)+ VY (17)

B Breakpoint

)

Max
where IMax is the maximum allowable diode current and the polarity of
Vy is determined by the direction of the diode in the compensating net-

work. The change in slope is adjusted by Ra so as to maximize the
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performance of the compensating network by minimizing the intermodulation

distortion of the received signal.

The location of breakpoints and the change in gain for each LED are
given in Table 5-1. Using these values in the compensating network,
yielded an average of an overall 8 db reduction in the first order inter-
modulation terms as compared to the distortion introduced without the pre-
distortion network. The results for each of the LEDS are graphed in
Figures 5-3 through 5-28. In most cases, the predistortion network re-
duces the intermodulation distortion through 100% modulation. For some
LEDS, the predistortion networks help within certain modulation depths.
Figure 5-13 shows that the useful region for the compensating network is
when the diode is modulated no more than 90%. LEDS ME7024 Diode #1,
ME7024 Diode #4, and ME7124 Diode #1, represented by Figures 5-11, 5-14,
and 5-15, are LEDS where compensation could not aid in their linearity.
Those three LEDS did, however, have adequate linearity to satisfy the
criteria of -45 db IMD for 50% modulation depth. A1l other diodes
achieved this standard with the one breakpoint compensating network. The
graphs of Figures 5-15, 5-25, and 5-28 show that at certain modulation
levels the first order intermodulation distortion decreases significant-
ly. This is due to the change in polarity of the numerator of the dis-

tortion amplitude given in Table 4-1 describing the intermodulation level.




TABLE 5-1

LOCATION OF BREAKPOINT AND CHANGE IN GAIN
OF THE COMPENSATING NETWORK

45

LED IB (mA) VB (Volts) AGain
FLV1 0441 10.72886 1.09 .89
FLV104#2 17.23659 .67 .94
FLV104#3 19.32096 .18 .80
FLV104#4 20.51749 23 .83
FPET04#1 17.84001 1.44 .85
FPE104+#2 13.38244 12122 .91
FPET104#3 15.43009 .32 .90
FPET104#4 12.07027 1.15 .90
ME7024#1 -9.984647 -1.05 .93
ME7024#2 12.31738 -.55 .94
ME7024#3 17.43956 i i
ME7024#4 12.40241 *® 2
ME7124#1 16.54467 <99 .94
ME7124#2 19.22783 251 .91
ME71244#3 9.187072 g i
ME7124#4 14.09062 o125 «93
TIL31#1 18.42128 1.47 .89
TIL31#2 11.94478 )i .92
FPE500#1 45.99068 2.85 .94
FPE500#2 35.08014 2.30 « D
FPE500#3 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>